We observed that the transient induction of mtDNA double strand breaks (DSBs) in cultured cells led to activation of cell cycle arrest proteins (p21/p53 pathway) and decreased cell growth, mediated through reactive oxygen species (ROS). To investigate this process in vivo we developed a mouse model where we could transiently induce mtDNA DSBs ubiquitously. This transient mtDNA damage in mice caused an accelerated aging phenotype, preferentially affecting proliferating tissues. One of the earliest phenotypes was accelerated thymus shrinkage by apoptosis and differentiation into adipose tissue, mimicking age-related thymic involution. This phenotype was accompanied by increased ROS and activation of cell cycle arrest proteins. Treatment with antioxidants improved the phenotype but the knocking out of p21 or p53 did not. Our results demonstrate that transient mtDNA DSBs can accelerate aging of certain tissues by increasing ROS. Surprisingly, this mtDNA DSB-associated senescence phenotype does not require p21/p53, even if this pathway is activated in the process.
Aging is a highly complex, yet poorly understood, orchestration of cell signaling events resulting in metabolic and regenerative declines that lead to cell death, cell cycle arrest, senescence, or terminal differentiation. 1 Nuclear DNA damage is considered a primary causal factor in aging. 2 Premature aging phenotypes have been widely observed in mouse models lacking nDNA repair enzymes. [3] [4] [5] [6] [7] p53 is one of the most extensively studied proteins in modern biology, playing a central role in responding to diverse types of nDNA damage by coordinating cell fate, often in the context of either promoting aging or suppressing cancerous processes. 8 Genes that are transcriptionally activated by p53 have been implicated in multiple models of aging. [9] [10] [11] Mitochondria are tied to the aging process, through their involvement in apoptosis, energy production or the generation of signaling molecules such as reactive oxygen species (ROS). [12] [13] [14] [15] Mitochondria have multiple copies of their own genome, which encodes subunits for the different complexes of the oxidative phosphorylation (OXPHOS) system. 16 It is suggested that decline in mitochondrial function caused by mtDNA damage contributes to cellular aging. 17, 18 However, often times in aged tissues, mtDNA mutational levels do not exceed the threshold sufficient to cause mitochondrial dysfunction. 19, 20 Moreover, low levels of ROS have been shown to signal extension of life span in different organisms. 21, 22 Presently, it is unclear how and to what extent mtDNA damage contributes to cellular senescence or aging phenotypes. In the present study, we used mitochondriatargeted restriction endonucleases to induce mtDNA damage in different systems. After observing decreased cell growth in vitro and a progeroid-like phenotype in vivo, we analyzed potential molecular mediators of these phenotypes.
Results
MtDNA double-stranded breaks cause defects in cellular growth and is associated with an upregulation of nuclear cell cycle checkpoint signaling. To determine how mtDNA damage contributes to cell growth, we utilized a hepatocyte-derived cell line stably expressing a mifepristoneinducible mitochondrial-targeted endonuclease mito-ScaI 23 ( Figure 3b ). Mito-ScaI co-localized with the mitochondrial marker MitoTracker Red red ( Figure 1a ) and was detected shortly after the addition of mifepristone, with a peak at 24-48 h of induction (Figure 1b ). Its expression after 30-min induction led to a rapid reduction of mtDNA levels ( Figure 1d ) and to a decrease in cell proliferation in the following days ( Figure 1c) .
After mtDNA double strand breaks (DSBs) we observed an upregulation of the cell cycle arrest protein, p21 (Cdkn1a) transcript (Figure 1e ). We also observed an increase in transcript levels of two other genes activated by p53: Mdm2, negative regulator of p53, and 14-3-3σ, a cell cycle checkpoint controller (Figure 1e ). These transcriptional responses decreased 2 h after the mito-ScaI stimulus (Figure 1e ). These data suggested that acute mtDNA damage triggered the activation of nuclear signaling pathways that control the progression of cell cycle, possibly prior to mitochondrial dysfunction: COX I protein level (Supplementary Figures  S1A-B) , and cytochrome c oxidase enzymatic activity (ref. 23 ) decreased 24 h after the induction. P38 and JNK, which also participate in a signaling cascade controlling cellular responses to stress, were not altered 24, 25 (Supplementary Figures S1A, C) .
Antioxidants abolish the transcriptional response present after mtDNA damage. To determine the mechanism regarding how the mtDNA damage triggered a p53/p21 response, we investigated whether ROS was involved in the signaling in the mito-ScaI inducible cell line. We measured hydrogen peroxide production after mtDNA damage, using serum deprivation as a positive control, 26 and we detected a small increase in H 2 O 2 after 30 min of mito-ScaI induction, but it fell short of significance (p = 0.051). We did observe a larger increase in H 2 O 2 after 24 h whereas in the presence of MitoQ, a mitochondrial-targeted antioxidant, there was a significant decline in ROS production after mtDNA damage (Figure 1f) . We also tested whether antioxidant treatment could abolish the mtDNA damage signaling. Indeed, N-acetyl-cysteine (NAC) treatment neutralized changes in cell cycle arrest gene expression in cells with mito-ScaI induction (Figures 1e and g ). These data suggested that increased ROS mediates the signal between mtDNA DSBs, p53 signaling and cell growth changes.
The upregulation in nuclear transcriptional response is not due to nuclear DNA damage. To ensure that the cell growth inhibitory effects observed were not due to leakage of mito-ScaI into the nucleus, we performed TUNEL and γ-H2AX assays. Mito-ScaI cells were either induced with mifepristone or treated with staurosporine, an inducer of nDNA fragmentation. We observed TUNEL (Figure 2a ) and γ-H2AX (Figure 2b ) positive nuclei in cells treated with staurosporine but not in cells expressing mito-ScaI for 24 h.
To further ensure that our restriction endonucleases were specifically targeted to mitochondria, we added the same COX8 mitochondrial-targeting sequence to a different endonuclease (PstI) and expressed it in ρ°and ρ + cells. Mito-PstI promoted significant increase in phosphorylated MDM2 and p21 protein levels in ρ + cells but not in ρ°cells (Figures 2c-e) . Etoposide (nDNA damaging agent) was used as positive control and induced an increase in phosphorylated MDM2 and p21 levels in both ρ°and ρ + cells (Figure 2c -e). These results support that the decline in proliferation and the upregulation in nuclear transcriptional response controlling cell cycle were due to damage to mtDNA and not to an unspecific cleavage of nDNA.
Systemic and inducible expression of mito-PstI in a transgenic mouse model. To investigate the response to mtDNA DSBs in vivo, we developed a mouse model with inducible mito-PstI expression. This mouse model ubiquitously expresses two transgenes: a tetracycline-inducible, mitochondrial-targeted PstI endonuclease (mito-PstI) and a reverse tetracycline transactivator protein (rtTA) under the control of the ubiquitous Rosa26 promoter 27 ( Figure 3a ). We will refer to this double-transgenic as 'Systemic Ind mito-PstI' mouse. To avoid developmental defects that may occur with early mito-PstI exposure, mito-PstI expression was induced at 3 months of age for only 5 days (Figure 3d ). DOX food was given to both Systemic Ind mito-PstI and control mice. Mito-PstI expression was relatively low in brain, heart and skeletal muscle, whereas levels were higher in liver, thymus, lung and kidney (Figure 3c ). Mito-PstI expression was transient and detectable by western blot only during the first week after the 5-day induction period even in tissues with the highest expression (Figure 3d ).
To test whether mito-PstI was functional and whether it cleaved mtDNA in vivo, we measured mtDNA levels. MtDNA was reduced in the lung and liver, immediately following a 5-day induction (Figure 3e ), but less so after 3 months (Figure 3f ). Kidney and muscle showed a mild, not significant mtDNA depletion after 5 days of induction, but curiously, there was depletion after 3 months. MtDNA depletion was not observed in the brain, thymus, heart and testis. Previous studies from our laboratory have shown that mtDNA DSBs lead mostly to mtDNA depletion, but also to the formation of mtDNA deletions in post mitotic tissues, albeit at low levels. Although we were able to detect the presence of two types of mtDNA deletions in heart and brain (Supplementary Figure S2A) , the levels were low (o1%) and therefore unlikely to have functional consequences.
Systemic
Ind mito-PstI mice develop signs resembling premature aging. Systemic Ind mito-PstI mice appeared normal in the first 10-12 weeks following 5-day induction; however, 6 months after DOX exposure, the animals began to present phenotypes resembling aged mice (Figure 4k) . One of the first noticeable phenotypes was kyphosis and fur graying ( Figure 4a ). The fur graying, which has been linked to an inability to maintain melanocyte stem cell pools, 5 spread from ventral toward dorsal side. To test whether there was a defect in hair follicle regenerative cell pools in our model, we induced the anagen hair phase by depilating the mice. We observed that Systemic Ind mito-PstI mice had markedly delayed fur re-growth ( Figure 4b ). After a second round of depilation, we observed additional fur loss and graying ( Figure 4c ). Histologically, hair follicles were defective and less in number ( Figure 4f ).
Because hair follicles are highly mitotic, we also analyzed other mitotic tissues of the Systemic Ind mito-PstI mice to determine their vulnerability. Blood chemistry panels showed decreases in phosphorus and total proteins in the serum, an effect commonly associated with mal-absorption related to abnormalities of the small intestine ( Figure 4d ). In addition, we also found significant shrinkage of the testes at 6 months of age (Figures 4e and j). Dual-energy X-ray absorptiometry (DEXA) scans revealed decreases in bone mineral density, indicative of osteoporosis (Figure 4g ), accompanied by significant decreases in total fat, percentage of body fat and lean tissue mass ( Figure 4h ). A decrease in fat was also evident in the dermal layers of the skin (Figure 4f ). Moreover, Systemic
Ind mito-PstI mice also had significant declines in white blood cell populations and signs of anemia ( Figure 4i ).
Brain, thymus, liver, quadriceps and testis weight, as well as total body weight, were significantly lower in 1-year-old Systemic Ind mito-PstI mice ( Figure 4j ). Mito-PstI induction did not result in premature death in any of the females monitored (up to 2 years of age); however, males often died before 18 months of age.
Accelerated thymus involution in response to mitoPstI. Immediately after 5-day induction, Systemic Ind mito-PstI mice had an acute and severe decrease in both thymic weight and thymocyte count (Figures 5a and b) . Small populations of lymphoid progenitor cells in the thymus differentiate and give rise to mature T cells 29 ( Figure 5g ). We analyzed the total thymocyte population for maturity stages after the 5-day induction. Double positive cells (CD4 +/CD8+) (DP) were significantly decreased, whereas mature T cells (CD4+/CD8-or CD4-/CD8+) were significantly increased in the Systemic Ind mito-PstI mice (Figures 5c  and d) . These findings suggest that mtDNA damage impairs thymocyte development.
Further examination of the DN thymocyte population revealed increase in CD44+/CD25 − (DN1) cell population ( Figures 5e and f) ; this marks the first stage in thymocyte development (Figure 5g ). The accumulation of DN1 cells indicates delayed or impaired transition to DN2 (CD44+/CD25+) that may explain the decreased numbers of DP thymocytes in these mice. We also observed that, at 3 months, thymus underwent apoptosis (cleaved caspase-3 reactivity) ( Figure 5h ) and senescence (marked by non-acidic β-galactosidase activity) (Figure 5i ), mostly in the thymic cortex, a region enriched for progenitor and developing cells (Figures 5h-i) .
The thymus of Systemic Ind mito-PstI mice could degenerate due to an OXPHOS defect, related to mtDNA depletion. We detected a trend, even if not significant, towards mtDNA depletion ( Figure 3e ) and COXI protein level decreased after 5 days of induction (Supplementary Figures S1D, E) . Paradoxically, we observed a significant, 7-8-fold increase in mitochondrial encoded COXI and ND1 mRNA levels in these mice (Figure 5j ). Transcript levels of PGC-1α and PGC-1β, the master regulators of mitochondrial biogenesis, were also increased by 6-8 fold in this group (Figures 5j-k) . Normal agerelated thymic involution is associated with differentiation of thymocytes into adipose tissue, with adipocytes having increased mitochondrial markers. 30 Therefore, we analyzed the expression of PPARγ, a factor involved in pre-adipose tissue differentiation, [31] [32] [33] and found a~17-fold increase in its mRNA levels (Figure 5k ). Accordingly, ADRP expression level (another marker of early adipocyte differentiation) was also elevated (Figure 5k ). To determine whether these transcriptional regulations had a functional consequence in thymic cellular composition, we performed Oil Red O staining to detect triglycerides and lipids. We observed a dramatic increase in lipid deposits in Systemic Ind mito-PstI mice thymus Figure 5l ). In conclusion, our data suggest that an accelerated aging-like response in the thymus was triggered by acute mtDNA damage, and resulted in a cascade of events that mimic natural mammalian thymic involution.
30
MtDNA damage is associated with an upregulation of cell cycle arrest proteins in vivo. Mitotic tissues, such as hair follicles, thymus and reproductive organs, were preferentially affected (Figures 4 and 5) and these organs are known to have high p53 levels. 34 Because mice harboring constitutively activated mutant p53 have progeroid phenotypes 35, 36 and we detected increased expression of p53 target genes in cultured cells after mtDNA DSBs (Figures 1 and 2) , we tested whether p53 downstream markers were activated in the thymus of our Systemic Ind mito-PstI mice. Cdkn1a, Mdm2 and 14-3-3σ transcripts and p-MDM2 protein levels did not (Figure 6a) . However, since changes in the levels of these transcripts are commonly an early response to damage, we analyzed their levels at an earlier time point (2 days after induction). Cdkn1a and 14-3-3σ transcripts levels were indeed upregulated (Figure 6c ) and so was p-MDM2 (Figure 6d ), indicating stabilization of p53. 37 These data indicated that cell cycle arrest signaling occurred before the accelerated thymic aging phenotype. We also analyzed p-p38/p38 and p-JNK1/JNK1 in thymus of 2 and 5 days induced mice but, similarly to the in vitro model, we did not detect activation of these pathways (Supplementary Figures S1D, E) .
Using cultured cells, we showed that increased ROS mediated mtDNA DSB signaling pathways. Moreover, a previous report showed that NAC treatment ameliorated some of the aging phenotypes present in the Mutator mouse. 38 To analyze if oxidative stress was involved in the aging-like phenotype in the thymus of Systemic Ind mito-PstI mice, we treated 3-month-old animals with NAC. This prevented the thymic involution caused by mtDNA DSBs (Figure 6e ), suggesting the involvement of oxidative stress in this aginglike phenotype.
p53/p21 pathway are not required for the mtDNA-induced progeroid phenotype. Our data showed that mtDNA DSBs caused defects in cellular growth, which were associated with an upregulation of nuclear cell cycle checkpoint signaling in vitro (Figures 1e and 2c-e) . We also showed how mtDNA DSBs cause a premature aging-like phenotype in vivo, particularly evident in proliferating cells, also associated with an activation of p53/p21 pathway in thymic homogenates. In order to determine whether the p53/p21 pathway is required for the progeroid phenotype observed in vivo, we knocked out p21 or p53 in the Systemic Ind mito-PstI mice by breeding the latter with p21KO 39 and p53KO 40 animals. We induced p21KO/Systemic Ind mito-PstI and p53KO/Systemic Ind mito-PstI mice and analyzed the involution of the thymus in 3-month-old animals. We still detected similar aginglike phenotypes (Figure 6f ), indicating that p21 and p53 are not required for the acute phenotype caused by mtDNA damage.
To further assess whether p21 and p53 were required for the other progeroid-like phenotypes induced by mtDNA DSBs, we analyzed 6-month-old p21KO/ and p53KO/Systemic Ind mitoPstI. These mouse lines develop multiple tumors at this age, particularly the p53KO animals. 40 In our analysis we included only mice (~40% of the total) that did not show evident signs of tumor formations. The graying of the fur observed in 6-monthold mito-PstI was still present in the absence of p21 or p53 (Supplementary Figure S3A) as well as the delay in fur regrowth after depilation (Supplementary Figure S3B) .
We measured the organ weight in 6-month-old animals and, apart from lung and liver that were smaller respectively in p21KO/Systemic Ind mito-PstI and p53KO/Systemic Ind mitoPstI, we did not find any difference between the three groups of mice. The absence of p21 or of p53 did not alter these phenotypes (Supplementary Figure S3C) , nor blood chemistry panels (Supplementary Figure S3D) . We also analyzed the gross anatomy of intestine, testis and bone marrow by staining with H&E and detected no significant differences (Supplementary Figure S3E) .
Discussion
Different studies show an accumulation of mtDNA mutations in aged tissues but, often, mtDNA mutational levels do not exceed the threshold sufficient to cause mitochondrial dysfunction. 19, 20 Presently, it is unclear how and to what extent mtDNA damage contributes to cellular senescence or aging phenotypes. Although large rearrangements of mtDNA are known to accumulate in aging tissues of mammals, the causative role of these mtDNA species in aging is still speculative.
In this study, we showed that a short induction of DSBs in mtDNA resulted in a premature aging-like phenotype in proliferating mouse tissues. MtDNA DSBs caused a p53 transcriptional response in vitro and, in some tissues, also in vivo but neither p53 nor p21 was required for the aging phenotype observed in vivo. We also showed that ROS play a role in the development of the phenotype and in the signaling process, as antioxidants blunted these responses.
MtDNA DSB damage response. Previous studies have suggested that there are shared nuclear proteins and responses after mtDNA damage: (1) Nuclear Ku proteins, involved in nuclear DSB repair, are associated with mtDNA DSB repair; 41 (2) DNA Ligase III also has an alternatively spliced form that locates to the mitochondria with its function independent of its role in the base excision repair; 42, 43 (3) Besides its role in nuclear DSB repair, ATM kinase is involved in maintaining mitochondrial homeostasis; 44, 45 (4) Rad51 has been found to play critical roles in the maintenance of mitochondrial genome. 46 The fact that several studies showed that DNA repair proteins are shared between the nuclear and mitochondrial compartments, suggests that damage to mtDNA, independent of nDNA damage, regulates classical signaling pathways as shown in this study. However, at this point, it is not clear if any of these nuclear DNA damage response sensors play a role in the response to mtDNA DSBs.
MtDNA DSBs affect cells with proliferative potential.
MtDNA DSBs can signal the nucleus either by a sensor mechanism detecting the damage, or indirectly, by a defect in OXPHOS function. In our experience, mtDSBs lead to an mtDNA depletion as linearized molecules are rapidly degraded. 47 However, other types of mtDNA mutations can also result from DSBs. Mito-PstI expression was low in the brain and heart (Figure 3c ), but when we measured mtDNA deletions in different tissues of 6-month-old animals, these tissues showed the highest levels of mtDNA deletions (Supplementary Figure S2B) . We suspect that these deleted molecules were expanded due to the post-mitotic nature of brain and heart, since we detected no accumulation of mtDNA deletions in liver, the tissue with the highest mito-PstI expression (Supplementary Figure S2B) . However, at 6 months, we observed no biochemical (assessed by measuring OXPHOS proteins levels in brain homogenates) or behavioral deficits (assessed by Morris water maze test) in the CNS (data not shown). We did observe a significant muscle wasting phenotype in Systemic Ind mito-PstI mice, which was attributed to the sensitivity and preferential loss mtDNA double strand breaks and aging M Pinto et al of satellite cells (the stem cells in skeletal muscle). 48 These observations suggested that the generation of mtDNA deletions themselves, which accumulate at low levels, did not drive the perceived premature aging-like phenotypes. Moreover, the majority of the aging-like phenotypes described affected tissues with proliferative potential (skin, bone marrow, testis) and progenitor cells. Similarly, we could not detect a marked depletion of mtDNA in the affected tissues coinciding with the appearance of the aging-like phenotypes, suggesting that these phenotypes are due to an earlier signaling event, not necessarily mtDNA depletion (or deletion) induced energy defects. These results support the previous suggestion that progenitor cell pools are highly vulnerable to mitochondrialrelated ROS alterations. 38, 48 Ahlqvist et al. showed that the progeroid phenotype of the mutator mouse was blunted by NAC, which protected stem and progenitor cells. We also found that muscle satellite cells were decreased in the Systemic Ind mito-PstI mouse. 48 Therefore, there is a growing body of evidence that mtDNA damage has a severe phenotypic effect in cells with high proliferative potential.
ROS effect: direct or indirect?. The ROS-associated p53 signaling observed appeared soon after mtDNA DSBs. We could not determine the source of this early ROS, although OXPHOS impairment would be the obvious candidate. It is difficult to explain the ROS generation without an OXPHOS dysfunction, but one could speculate that there are unidentified factors that recognize mtDNA DSBs and modify OXPHOS enzymes, leading to fast ROS production after mtDNA DSBs. Therefore, although we have found that ROS were the mediator of p53 signaling after mtDNA damage (in vitro), and that they were involved in the thymus shrinkage in Systemic
Ind mito-PstI, the exact mechanism by which ROS is generated or signals is still unclear. Previous reports showed that ROS have the ability to activate p53 and inhibit ATM (upstream repressor of p53), without the presence of nuclear DNA damage. 49 Even though we did not detect nuclear DNA damage in our in vitro system, it is still possible that the ROS from mtDNA insults could diffuse to the nucleus and damage nuclear DNA in the Systemic Ind mito-PstI mice. 50, 51 In any case, the phenotypic alterations do not appear to depend on the p53 pathway (even if it is activated in the process), and may directly induce death of progenitor cells by a different mechanism. ROS signaling appears to be both activating the p53 pathway and another undefined pathway that leads to the p53-independent aging-like phenotypes observed. 52 Other than ROS, different pathways are likely to be involved in the aging phenotype caused by mtDNA damage. One possibility is the activation of mtUPR system. Even though we did not explore this pathway in detail, we did not detect significant changes in the levels of mitochondrial chaperones (Hsp60, Hsp70) or of UPR markers (CHOP, BiP) in our in vitro mito-ScaI system and in thymus of 2-and 5-day induced Systemic Ind mito-PstI mice (Supplementary Figures S1F-H) . Previously, 48 we analyzed skeletal muscle after mito-PstI induction, and we detected a decrease in chaperones Hsp60, Hsp70, mtHsp70 and ER stress markers BiP/Grp78, CHOP, in 6-month-old systemic mito-PstI mice muscles respect to controls. Although we cannot exclude that other components of this pathway may be activated, in different tissues and at different time points, we do not have evidence supporting this model.
Conclusions
MtDNA DSBs triggered differentiation, apoptosis, senescence and arrest of proliferative tissues: some stem and progenitor cells were markedly affected by this mechanism, possibly explaining the premature aging-like phenotypes observed in the Systemic Ind mito-PstI mouse. The aging phenotype, particularly in the thymus, was reverted by antioxidants, but not by knocking out p21 or p53, suggesting the involvement of other pathways associated with ROS signaling. This study demonstrates that mtDNA DSBs can have a major impact in tissue aging in a mechanism involving ROS, which can utilize, but does not require, p53 nor p21.
Materials and Methods
Ethics statement. The work with mouse models was approved by the University of Miami Institutional Animal Care and Use Committee (IACUC). As required by the IACUC, all efforts were done to minimize suffering of the animals.
Animals. The generation of mito-PstI transgenic mice was previously described. 28 Mito-PstI male and female animals were pure C57BL/6J mito-PstI (F10). Animals were crossed with Rosa26-rtTA animal of the same background (Jackson Laboratories, Bar Harbor, ME, USA). 27 Systemic Ind mito-PstI mice were bred with p21KO and p53KO mice of the same background (Jackson Laboratories). 39, 40 All mice procedures were performed according to a protocol approved by the University of MiamiI ACUC. When mito-PstI was induced at 3 months of age, we supplied both control and Systemic Ind mito-PstI animals with 10 g/kg doxycycline diet (Bioserv, Flemington, NJ, USA) for 5 days and afterwards replaced with standard rodent diet.
For the NAC treatment, mice were given free access to drinking water starting 2 days before the DOX induction and during the 5 days of induction. Water was supplemented with 20 mM NAC, which was calculated to yield an average dose of 2 g NAC/kg body weight/day. All experiments and comparisons described were performed on age-and gendermatched animals. Analyses were performed on both males and females separately and, unless noted, there were no significant changes between the genders.
Cell culture. The generation and maintenance of gorilla ρ+ and ρ°cell lines, and mito-ScaI cell line were previously described. 53 Mito-ScaI cell line were treated with 10 μM Etoposide (Sigma, St. Louis, MO, USA) for 24 h. Mito-PstI transfection was performed using GenJet In Vitro DNA Transfection Reagent according to the manufacturer's protocol and proteins were extracted after 24 h of transfection. NAC was added fresh and adjusted the pH to 7.4.
Growth curves. Cells were counted and re-plated in 24-well plates at 5 × 10^3~10^4 cells/well. For growth curve cells were treated with 10 μM mifepristone for 30 min or left untreated. Cells were counted in triplicate every 24 h using a TC10 Cell Counter (BioRad, Hercules, CA, USA) for up to 72 h.
Western blotting. Western blotting procedures were previously described. 54 Membranes were blocked in 1:1 Odyssey blocking solution (LI-COR Biosciences, Lincoln, NE, USA) or 5% milk for 1 h at room temperature.
Primary antibody was incubated overnight at 4°C. The following primary antibodies were used: HA 1 : 1000 (Roche, Indianapolis, IN, USA), α-tubulin and β- Secondary antibodies used were either infrared conjugated antibodies anti-rabbit-700/anti-mouse-800/anti-rat-800 (Rockland, Limerick, PA, USA) or HRP conjugated (Cell Signaling) at 1:3000-1 : 5000 concentrations. Secondary antibodies were incubated for 1 h at room temperature. Blots with infrared secondary antibodies were visualized with Odyssey Infrared Imaging System (LI-COR Biosciences). Blots with HRP secondary antibodies were visualized with Pico or Femto Supersignal West Chemiluminescent substrates (ThermoScientific, Waltham, MA, USA). Optical density measurements were taken by default software supplied by LI-COR or quantified using ImageJ.
RNA isolation and reverse transcriptase PCR. Dissected tissues or cells were submerged in TRIzol or TRI reagent (Sigma/Invitrogen, Waltham, MA, USA), and RNA was extracted. The iScript cDNA synthesis kit was used for reverse transcription reaction according to the manufacturer's protocol (BioRad).
Maxima SYBR Green/ROX qPCR master mix (Fermentas, Waltham, MA, USA) was used according to the manufacturer's directions to perform real-time PCR. Primers and sequences used for the cDNA quantification are available under request.
ND1 and β-actin (internal genomic DNA control) were used for the quantification of mtDNA copy number in total DNA. 8378F, 12821 B (small deletion~3.8 Kb); 5549F, 15501 B (large deletion~10.6 Kb) were used for the quantification of the small and large deletion in total DNA. 28 Comparative Ct method was used to determine the relative abundance of mtDNA or genes of interest. 56 Thymocyte isolation and characterization. Single cell suspension of thymocytes was prepared and cell surface staining was performed as previously described. 57 Conjugated antibodies PE-Cy7-CD4 and PE-CD25 were purchased from BD Biosciences (Franklin Lakes, NJ, USA). FITC-CD44 and Alexa700-CD8 were prepared in T.R. Malek's laboratory (Miami, FL, USA). FACS analyses were performed on an LSR-Fortessa-HTS flow cytometer with FACS Diva software (Becton Dickenson, Franklin Lakes, NJ, USA). 500 000 events were obtained per sample.
Immunocytochemistry/immunohistochemistry. Cells were grown on top of glass coverslips. Cells were washed with PBS and fixed with 4% paraformaldehyde at room temperature. Cells were then treated with 0.1 M glycine and permeabilized with 0.1% triton X-100. Cells were blocked in PBS containing 2% BSA and 2% normal goat serum. Primary antibody anti-HA 1 : 100 (Roche), H2AX 1 : 500 (Millipore) were incubated overnight at 4°C. AlexaFluor488 or 594 goat antimouse/anti-rabbit/anti-rat (Invitrogen) antibodies were incubated for 45 min at room temperature. In experiments where mitochondria were visualized, MitoTracker Red (200 nM, Invitrogen) was added to the cells prior to fixation. Coverslips were mounted with Vectashield fluorescent mounting media with or without DAPI (Vector Laboratories, Burlingame, CA, USA). Images were taken with either an LSM510 or LSM710 confocal microscope (Zeiss, Thornwood, NY, USA).
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